• The endocannabinoid system is involved in regulation of voluntary locomotion.
Introduction
The endocannabinoid system is involved in a variety of physiological processes, including regulation of motor behavior [10] . Motor behavior 
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Physiology & Behavior j o u r n a l h o m e p a g e : w w w . e l s e v i e r . c o m / l o c a t e / p h b is tremendously diverse, encompassing voluntary exercise, consummatory behaviors, spontaneous physical activity (SPA) of various types, including "fidgeting" [22] , and performance during measures of forcedexercise capacity [6] . Studies of cannabinoid effects on motor behavior have utilized a variety of approaches, involving variation in testing apparatus, length of observation period, time of day, etc., and, not surprisingly, this has led to conflicting results. Depending on the apparatus and length of test, these studies may be gauging multiple aspects of motor behavior, including, in some cases, reactivity to a novel environment. Generally, systemic administration of cannabinoids leads to a decrease in activity.
In male rats, for example, doses of Δ-9-tetrahydrocannabinol higher than 1 mg/kg caused a decrease in ambulation and rearing as measured in a five-minute novel open-field test [33] . However, another study, also usingΔ-9-tetrahydrocannabinol in male rats, reported a triphasic effect, where very low and very high doses (0.2 mg/kg and 2.5 mg/kg, respectively) reduced the number of photobeam breaks produced in either a horizontal or vertical direction, and moderate doses (1-2 mg/kg) increased the number of beam breaks as measured over 1 h in an activity chamber [56] . Cannabinoids activate the cannabinoid type-1 (CB 1 ) and type-2 receptor (CB 2 ), the former being found in high density in brain areas that control movement (basal ganglia, substantia nigra, etc., [65] ), including those involved in both spontaneous physical activity and voluntary exercise [22] . Recent research suggests that the CB 1 receptor is specifically involved in voluntary exercise. For example, male CB 1 receptor knockout mice exhibit a 30-40% reduction in voluntary wheel running, but no change in number of horizontal squares crossed during 5 min in a large, dimly-illuminated, novel "activity cage" [12] . In a subsequent study, in which the CB 1 receptor was deleted only from brain GABAergic neurons, mice showed a 25-30% decrease in wheel running and no difference in habituated locomotor activity measured over five days in a cage with infrared sensors to detect horizontal beam breaks [13] . Previous studies of CB 1 knockout mice, however, have shown differences in other tests of locomotor activity. CB 1 knockout mice spend more time immobile in a test of catalepsy, and showed fewer beam breaks during an open-field test (with undescribed parameters) [71] . A separate experiment found that CB 1 knockout mice had a significant decrease of ambulatory movements, as measured in a dimly-lit box with photocells placed to measure both horizontal and vertical movements (in this experiment, animals were measured for 15 min on several different days after being habituated to the cage) [43] .
Limited evidence suggests that the endocannabinoid system may specifically affect motivation for voluntary exercise. The two primary endocannabinoids in humans and other mammals are 2-arachidonylglycerol (2-AG) and anandamide (AEA). Both 2-AG and AEA can cross the blood-brain barrier, bind to the CB 1 receptor, and cause dopamine release in areas involved in reward signaling (such as the nucleus accumbens, reviewed in [19] ). After rats were trained to press a door to unlock wheel access (as a reward), systemic administration of 2-AG reduced the number of times that obese rats would press the door to gain wheel access before giving up, and also reduced the revolutions run once the rats were in the wheel [both obese and lean individuals [59] ]. In a similar study, rimonabant (a CB 1 antagonist/inverse agonist) caused a similar reduction in number of door-presses prior to giving up, but did not affect number of revolutions run once rats did gain wheel access [49] . In addition, signaling through the CB 1 receptor produces analgesia in both peripheral and central sites (reviewed in [10] ). Analgesia might interact with motivation per se by reducing pain that could occur during exercise (e.g., see [17, 40] ).
The endocannabinoid system is also activated by exercise. Several studies have examined how circulating levels of both 2-AG and AEA respond to exercise. In general, exercise increases levels of AEA in the blood, but does not seem to affect levels of 2-AG [15, 29, 47, 48, 60] . Most previous studies of circulating endocannabinoid levels have involved forced exercise, which may cause "stress" relative to voluntary exercise, or confound the effects of stress with exercise [2, 24] . Arguably, no (ethical) study of humans involves "forced" exercise, but an examination of the studies cited above shows that subjects were not allowed to choose the quantity, length of time, and/or the speed at which they exercised (but see [15] ), which may cause stress in either the psychological or physical sense. Voluntary exercise has been examined in two animal studies. One small-scale study (n = 3 per group; sex not reported) measured mice after they were allowed wheel access for 3 h/day for 8 days, with samples taken after 30 min of running. Plasma levels of both endocannabinoids tended to be lower in the running mice as compared with mice housed with locked wheels, although the differences were non-significant [5] . One additional study of rats used voluntary exercise, and although they did not measure circulating endocannabinoids, they did find an increase in AEA in the hippocampus after 8 days of wheel access [30] . The endocannabinoid system may also be altered in response to selective breeding for voluntary exercise behavior. An ongoing artificial selection experiment (currently in generation 81) has produced four replicate high-runner (HR) lines while also maintaining four nonselected control (C) lines [23, 62, 68] . In the routine breeding protocol, mice are allowed access to wheels for six days as young adults, and mice in the HR lines are selected to breed based on the average number of wheel revolutions on days five and six. Mice in the control lines are bred without regard to how much they run. Mice from the HR lines run about three times as much on a daily basis as compared with C mice, which they accomplish primarily by running faster [4, 21, 25] . In addition, female mice run more than male mice, which they also accomplish by running faster [38] . When given a systemic injection of a CB 1 receptor antagonist (SR141716; rimonabant), HR female mice decreased their running more than C female mice over the next hour, which was accomplished by a decrease in total revolutions, average speed and maximum speed, but not amount of time spent running [34] . Male HR and C mice did not show a differential response. In contrast, when given a systemic injection of a CB 1 receptor agonist (WIN 55,212-2), both female and male HR mice showed a differential decrease in running (compared to C mice; [35] . For 2 h after injection, female HR mice had a reduction in total revolutions, average speed, and maximum speed. In the second hour they also decreased their time spent running. Male HR mice showed decreased total revolutions, average speed and maximum speed during the entire 2 h after injection. As a CB 1 receptor agonist and antagonist both decreased running in HR mice in different ways in a sex-specific manner, it is difficult to infer from these studies alone precisely how the endocannabinoid system has changed in response to selective breeding.
One possible cause of differential responses to pharmacological manipulation could be differences in circulating levels of endocannabinoids (alternatively, tissue-specific receptor densities or receptor sensitivity might have evolved). In addition, circulating concentrations of endocannabinoids might show different quantitative responses to exercise, either between the sexes or potentially between HR and control lines of mice. The purpose of the present study was, therefore, to measure circulating endocannabinoid levels in mice given access to wheels, as compared with those housed in standard cages. We studied both male and female HR and C mice given access to wheels for six days (as used in the regular selection protocol), or housed without wheels for six days, and sampled during the time of peak running. We expected that circulating levels of endocannabinoids (2-AG and AEA) would differ between HR and C mice, possibly in a sex-specific manner. We also predicted that the amount of wheel running might be a quantitative predictor of circulating endocannabinoid levels. We also tested the relationship between the plasma concentrations of 2-AG and AEA at the level of individual variation within groups as well as among the average values for the eight subgroups (combinations of sex, linetype, and wheel access).
Materials & procedures

Ethical approval
All experimental procedures were approved by the UC Riverside Institutional Animal Care and Use Committee.
Experimental animals
Mice were taken from a long-term artificial selection experiment on voluntary wheel running that was started in 1993 [62] . Originally, outbred Hsd:ICR mice (Mus domesticus) were obtained from Harlan Sprague Dawley (Indianapolis, Indiana, USA). These mice were randomly split into eight closed lines, with four designated to become "high runner" (HR) and four designated as "control" (C) lines. All mice are allowed access to wheels for six days and HR mice are chosen to breed based on their average number of wheel revolutions on days five and six. Control mice are bred without regard to wheel running. HR mice now run on average three times as much as C mice do, primarily by running faster.
For the present study, 50 male and 50 female mice from generation 74 (half HR and half C) were allowed access to wheels for six days, while another 50 males and 50 females (also half HR and half C) were kept without access to wheels. Wheel revolutions for mice with wheels were recorded for 23 h per day, and home-cage activity was recorded for all mice. On the sixth day of the study, animals were anesthetized with isoflurane and blood samples were taken by cardiac puncture. Animals were on a reversed photoperiod, with lights off from 7 am to 7 pm, so that sampling could occur during the time of peak wheel running, which starts approximately 2 h after lights are turned off [24, 25, 41, 42] . Sampling occurred from~9 am to 1 pm (from 2 h after lights off to 6 h after lights off). The age range at the time of sampling was 71-91 days old.
Mini-muscle status was determined for each mouse by dissection and weighing of the triceps surae muscles at the end of the experiment. The "mini-muscle" phenotype is caused by a recessive allele that, when homozygous, reduces triceps surae and total hindlimb muscle mass bỹ 50% [20] . However, the mass-specific aerobic capacity of the muscles
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High Runner wheels wheels wheels wheels no wheels no wheels no wheels no wheels Home-cage Activity is approximately doubled [31] . Mini-muscle individuals tend to run faster, but for fewer minutes per day, as compared with unaffected individuals [20, 27, 31, 36, 63, 64] . In addition, mini-muscle individuals have larger internal organs than normal-muscled mice (liver, kidneys, and heart ventricles: [20, 63] ). As the mini-muscle phenotype clearly has pleiotropic effects, mini-muscle status was used as a cofactor in all analyses.
Wheel running
Mice were housed individually during the experimental period and half were provided with cages with a hole for wheel access. The wheels used were the same as in the regular selection protocol [62] -Wahmantype activity wheels with a circumference of 1.12 m. Wheel revolutions are recorded automatically for 23 h per day (1 h is used to download data and check mice), and a measure of wheel freeness was used as a covariate in all analyses of wheel running. We did not choose to provide locked wheels for the mice without wheel access, as we have shown that when HR mice are housed with locked wheels, they climb more than do mice from the non-selected Control lines [39] , so locked wheels, unfortunately, provide more than just "environmental enrichment."
Home-cage activity
Home-cage activity (HCA) was measured using passive infrared sensors that detect motion. These sensors give readings 3 times per second -either 0 (no movement) or 1 (movement). Readings are then averaged over a one-minute interval and reported using arbitrary units. We used a similar setup and calibration procedure as previously reported [1, 7] . HCA was measured for 23 h per day and all analyses were performed using a measure of sensor sensitivity as a covariate [1, 7] .
Measurement of plasma 2-AG and AEA
Isoflurane was used to anesthetize animals prior to tissue harvest. Blood was collected by cardiac puncture and stored in EDTA-lined tubes on ice, and then plasma was obtained by centrifugation (1500 g for 10 min, maintained at 4°C). All samples were stored at − 80°C until processing. One hundred microliters (μL) of plasma was used for extraction of lipids in one milliliter (mL) of methanol containing the following internal standards: [ . Lipids were extracted with chloroform (2.0 mL) and washed with 0.9% saline (0.9 mL). Organic phases were collected and fractionated by open-bed silica gel column chromatography as previously described [11] . Eluted fractions were dried under N 2 and reconstituted in 0.1 mL of methanol:chloroform (9:1) for liquid chromatography/tandem mass spectrometry (LC/MS/MS) analyses.
Lipids were analyzed using a Waters Acquity I-Class Ultra Performance Liquid Chromatography system coupled to a Waters TQS-micro Triple Quadrupole Mass Spectrometer. Lipids were separated using an Acquity UPLC BEH C 18 column (50 × 2.1 mm; i.d. 1.7 μm), eluted by a gradient of methanol (0.25% acetic acid, 5 millimolar [mM] ammonium acetate) in water (0.25% acetic acid, 5 mM ammonium acetate) (from 80 to 100% methanol in 2.5 min, 100% 2.5-3.0 min, 100-80% 3.0-3.1 min) at a flow rate of 0.4 mL/min. Column temperature was kept at 40°C and samples were maintained in the sample manager at 10°C. Argon was used as collision gas. 2-AG, 
Statistical analyses
Following numerous previous studies of these eight lines of mice [50, 62] , plasma endocannabinoid concentrations were analyzed by nested analysis of covariance (ANCOVA), with line nested within linetype (HR vs C) as a random effect, and with covariates of age and time of day that plasma sampling occurred (SAS Procedure Mixed). Table 1 Three-way analysis of covariance of home-cage activity on day 5 (log 10 transformed) (N = 190). See Fig. 2 
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High Runner wheels wheels wheels wheels no wheels no wheels no wheels no wheels Plasma 2-AG Concentration (picomoles/mL) Fig. 3 . Levels of 2-AG in mouse plasma collected during peak activity on the 6th night of wheel running. See Table 2 for statistical results. The three-way interaction among sex, linetype, and wheel access was statistically significant (p = 0.0408), with females also having lower levels than males (p = 0.0265). Values are LS means ± standard error from SAS Proc Mixed. N = 189.
For the individuals with wheel access, we repeated the foregoing analyses with amount of wheel running (revolutions/unit time) as a covariate. Although we expected a possible quantitative relationship with the amount of exercise prior to sampling, we could not predict the precise nature of this relationship. Therefore, we computed the number of wheel revolutions in each minute before plasma sampling, from 1 to 10 min before, and then in 10-min bins from 10 to 120 min before sampling. We fitted models using each of these alternative covariates and examined the restricted maximum log-likelihood (REML) values from each analysis to determine which time period of summed running effort provided the best fit. For wheel running, the number of revolutions in the previous 30 min before plasma sampling provided the best fit and was used in all analyses with wheel running as a covariate. For consistency, we also used the amount of home-cage activity in the previous 30 min as a covariate in certain analyses.
Dependent variables were transformed when needed to improve the normality of residuals. Residuals that were N3 standard deviations above or below the mean were excluded from analyses. Main effects were considered statistically significant when p ≤ 0.05. Interactions of main effects were considered significant when p ≤ 0.10 because the power to detect interactions is generally substantially lower than for detecting main effects in ANOVAs [66, 67] . Least squares means and associated standard errors from SAS Procedure Mixed are presented in figures and were inspected to determine the directions of main effects and interactions. In addition, for some pairwise comparisons of subgroup means, we refer to differences of least squares means from Proc Mixed, unadjusted for multiple comparisons.
Results
Wheel running
Day five of the wheel access period was analyzed, as mice were removed and blood collected in the middle of night six (Fig. 1) . As expected, HR mice ran more than C mice (p = 0.0004). Neither the effect of sex (p = 0.1431) nor the sex by linetype interaction (p = 0.1576) was significant. Wheel freeness, mini-muscle status, and age were not statistically significant predictors of wheel running (results not shown).
Home-cage activity
Data from day five of the experiment were analyzed, as day six was interrupted when mice were removed from cages for collection of blood. Values from each minute were summed over 23 h, then log 10 transformed to improve normality of the residuals. In the three-way analysis of covariance (Fig. 2, Table 1 ), mice with wheel access always had reduced HCA (p = 0.0001), this reduction was greater in HR than in C mice (wheel access by linetype interaction, p = 0.0558), females always had higher HCA than males (p = 0.0047), and HR mice always had higher HCA than C mice (p = 0.007). In addition, mice with the mini-muscle trait had lower HCA than those that did not (p = 0.018). Age and a measure of sensor sensitivity were not significant predictors of home-cage activity. We also tested body mass as an additional covariate, but it had no statistical effect (p N 0.50) and caused little change in the significance levels of the other factors and covariates (results not shown).
Plasma 2-AG concentrations
Females had lower levels of 2-AG than males in all four experimental groups, and the main effect of sex was significant (Table 2 : p = 0.0265). Fig. 3 illustrates the significant three-way interaction among sex, linetype, and wheel access (p = 0.0408). Levels of 2-AG are lower in mice with wheel access, except for C males. However, when examining the pairwise comparisons, 2-AG levels were significantly lower for mice with wheel access only for the C female group (p = 0.0301). The main effect of linetype was not significant (p = 0.4604).
Separate analyses of mice with (N = 92) and without (N = 94) wheels (not including amount of physical activity as covariates) indicated that females had significantly lower levels of 2-AG only when they had wheel access (p = 0.0169 for mice with wheels, p = 0.1235 for mice without wheels).
Mini-muscle status was not a significant factor for any analyses, but both time of day that plasma sampling occurred and age at time of plasma sampling were significant in the overall analysis and the analysis of mice without wheel access. Only time of day was significant for the analysis of mice with wheels. Plasma 2-AG concentrations tended to be higher later in the sampling period, which ranged from~9 am to 1 pm. Age was positively correlated with 2-AG levels (age range was 71-91 days old).
Plasma 2-AG concentrations with wheel running as a covariate
The first analysis was restricted to mice housed with wheel access. The amount of wheel running (transformed to the 0.4 power to reduce positive skew) in the previous 30 min (before the cardiac puncture and plasma sample) was added as a covariate to the statistical models indicated above. Amount of prior running was not a significant predictor of 2-AG levels, nor was the amount of home-cage activity during this period (also transformed to the 0.4 power), but females still had significantly lower 2-AG concentrations than males (p = 0.0274), with no difference between HR and Control lines (Table 3) . Age was still a significant positive predictor, but time and mini-muscle status were not.
To test whether acute physical activity had a different effect than the 5 days of wheel access, we reran the analysis with the amount of wheel running and home-cage activity in the previous 30 min as covariates, but this time also including the mice housed without wheels and assigning values of zero for their wheel running (as in [7] ). In this analysis (N = 186), neither measure of physical activity was a significant predictor of 2-AG concentrations (both p N 0.5), and the effects of sex (p = 0.0252) and the 3-way interaction (p = 0.0544) remained similar to those reported in Table 2 . Females tended to have higher levels of AEA than males (p = 0.0599, Fig. 4, Table 4) . A linetype by wheel access interaction (p = 0.0628) indicated that wheel access tended to increase levels of AEA in C mice (and decrease levels in HR males).
Separate analyses of mice with and without wheels revealed a trend for females to have higher levels only when they were housed without wheels (p = 0.0683 without wheels, p = 0.1637 with wheels). In addition, there was a trend for HR mice to have lower levels when housed with wheels (p = 0.0883 with wheels, p = 0.8950 without wheels).
Mini-muscle status and age at time of plasma sampling were not significant factors for any analyses. Time of day that plasma sampling occurred was significant for all three analyses (overall, mice with wheels, mice without wheels), indicating reduced values later in the sampling period.
Plasma AEA concentrations with wheel running as a covariate
The amount of wheel running (raised to the 0.4 power) was a highly significant positive predictor (p = 0.0043) of the amount of plasma AEA (Table 5 , Fig. 5 ), home-cage activity was a negative predictor (also raised to the 0.4 power, p = 0.0383), and HR mice had significantly lower plasma AEA concentrations than C mice (p = 0.0235), with no difference between the sexes. Both age (positive) at the time of plasma sampling and time of day that sampling occurred (negative) were also significant predictors of plasma AEA.
For the analysis including mice housed without wheel access (assigning them values of zero revolutions, as also done for plasma 2-AG concentrations -see Section 3.4 above), the amount of wheel running was still a significant positive predictor of AEA concentrations (p = 0.0044), home-cage activity became non-significant (p = 0.1954, negative effect), the effects of sex (p = 0.0548) and wheel access (p = 0.0503) were marginally non-significant, and the wheel access by linetype interaction was significant (p = 0.0110). In this analysis, wheel access lowered AEA levels in all mice, but much more so in HR lines than in Control lines (Table 6, Fig. 6 ).
Relationship between plasma 2-AG and AEA concentrations
We examined the relationship between circulating levels of these two endocannabinoids in several ways, as also shown in the online Supplementary data. Overall, these analyses indicate that 2-AG and AEA concentrations tend to be positively related.
First, considering the raw values for all 191 mice, the Pearson correlation was 0.175, 2-tailed p = 0.0155. Second, we analyzed the correlation within each of the eight subgroups (N = 23-24 per group), and found values ranging from −0.07 to +0.54, with only one of the eight correlations differing significantly from zero by a 2-tailed test (Control females housed with wheel access r = 0.535, N = 24, p = 0.007). The mean value of the eight correlations was 0.207 with a standard error of 0.0815 (Supplementary data), suggesting an overall positive correlation, on average. Third, we computed simple mean values for each of the eight subgroups (linetype by sex by wheel access) and found no statistically significant correlation (r = −0.199, p = 0.636).
Fourth, we used the model presented in Table 2 for 2-AG, and added concentrations of AEA as an additional covariate. In this model, AEA levels were a highly significant positive predictor of 2-AG levels (p b 0.0001). We then performed the reciprocal analysis, adding 2-AG levels as an additional independent variable for the model presented in Table 4 , and found the same thing: 2-AG levels were a highly significant positive predictor of AEA levels (p b 0.0001).
Fifth, we repeated this procedure for the model shown in Table 3 for 2-AG, and found that AEA levels were again a highly significant positive predictor of 2-AG (p b 0.0001). We did the same for the model in Table 5 for AEA, and again found that 2-AG levels were a positive predictor (p = 0.0003).
Sixth, we compared residuals from the models shown in Tables 2  and 4 , and found the following correlation: r = 0.347, N = 184, p = 0.000001. Seventh, we compared residuals from Tables 3 and 5 , and found r = 0.430, N = 89, p = 0.000026.
Discussion
Much remains to be understood regarding the role of the endocannabinoid system in exercise behavior and physiology. In the present study, we used selectively bred lines of mice to test four specific hypotheses regarding circulating levels of endocannabinoids, i.e., that they would (i) differ between the sexes, (ii) be affected by selective breeding for high levels of voluntary exercise on wheels, (iii) change following six days of wheel access, and (iv) be affected by the acute amount of wheel running or home-cage activity immediately prior to sampling. We measured plasma concentrations of two endocannabinoids, 2-AG and AEA, during the time of normal peak wheel running. Our results indicate that circulating levels of 2-AG and AEA differ (i) between sexes, (ii) between selectively bred HR and non-selected C lines of mice, (iii) are affected by six days of wheel access (training effect), and (iv) are affected Table 4 Three-way analysis of covariance of plasma concentration of AEA (N = 185). See Fig. 4 for graphical representation of adjusted group means. Table 6 Analysis of covariance of plasma concentration of AEA with physical activity covariates (N = 183). See Fig. 6 for graph of adjusted group means. acutely by physical activity. Furthermore, some of these effects differ between 2-AG and AEA. Finally, we tested the relationship between the plasma concentrations of 2-AG and AEA at the level of individual variation within groups as well as among the average values for the eight subgroups, and found evidence that the two endocannabinoids tend to covary positively.
Physical activity
As expected from numerous previous studies (e.g., [7, 25, 42, 50, 53] ), HR mice of both sexes ran much more than Control mice on day five of wheel access (Fig. 1) . Also, as reported previously for HR and Control mice [1, 7] , housing with wheel access reduced the amount of homecage activity measured simultaneously ( Fig. 2 and Table 1 ). Irrespective of housing condition, HR mice had higher HCA than did Control mice, again consistent with previous reports that studied mice only when housed without wheel access [41, 42, 52] . In addition, irrespective of housing condition, females of both linetypes had higher HCA than males, a difference not reported previously when mice were housed and tested without wheels, using a different apparatus [42] . Finally, mice with the mini-muscle phenotype had lower HCA than those that did not (Table 1) , an effect not observed previously [7] .
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High Runner wheels wheels wheels wheels no wheels no wheels no wheels no wheels Plasma AEA Concentration (picomoles/mL) Fig. 4 . Levels of AEA in mouse plasma collected during peak activity on the 6th night of wheel running. See Table 4 Table 5 ], but shown here as raw values) was a significant positive predictor of AEA values (p = 0.0043), home-cage was a negative predictor (p = 0.0383), and HR mice had lower levels than C mice after adjusting for these relationships ( Table 5 ). The interactions between linetype and amount of wheel running or home-cage activity were not statistically significant (results not shown and these terms not included in final statistical model).
Training effects on plasma endocannabinoid levels
To our knowledge, the effects of several days of training (physical conditioning) on plasma endocannabinoid levels have not previously been reported for both male and female mice. Our combined analyses of all groups indicated a three-way interaction among sex, linetype, and wheel access for 2-AG levels (Table 2) . However, it is important to note that our sampling design included 2-4 h of acute exercise prior to blood sampling, in addition to the five prior days of wheel access, which could confound training effects with acute exercise effects. Hence, we also conducted analyses of 2-AG levels that included the acute amounts of wheel running and home-cage activity as covariates, and found that they showed the same three-way interaction (see Results Section 3.4). Thus, our results show that, with respect to circulating 2-AG concentrations, even when taking differences in acute exercise into account, the endocannabinoid system responds to exercise differently based on sex and genetic background, and these differences may be a result of the exercise training undergone by the animal.
For plasma AEA levels, we found an interaction between linetype and wheel access, with wheel access lowering AEA levels for HR mice but raising them for C mice (Fig. 4, Table 4 ). Analyses that included the acute amounts of wheel running and home-cage activity as covariates indicated a stronger two-way interaction and a trend for an overall decrease in AEA levels for mice housed with wheel access (Table 6 , Fig. 6 ). Interestingly, however, the effect of acute wheel running was highly significant and positive within groups (Fig. 6) . Thus, our results show that, for AEA, the effects of voluntary exercise on the endocannabinoid system differ acutely versus chronically.
Physical conditioning in response to aerobic exercise has been studied extensively in both rodents and humans, although typically over the course of weeks rather than days [28, 55, 57, 61] . Only two previous studies of rodents have examined endocannabinoids in relation to voluntary exercise that lasts for days, and these support our general finding that the endocannabinoid system can "train" in response to physical activity. Eight days of wheel access for male rats was associated with increased AEA levels in the hippocampus, but not the prefrontal cortex, and no effects on 2-AG levels in either brain region [30] . In addition, CB 1 receptor density was increased in the hippocampus. However, the authors did not examine plasma levels of endocannabinoids. An additional small study measured endocannabinoid levels in mice after they were allowed to run for 3 h per day for eight days, and compared them to mice who were in locked wheels for the same amount of time [5] . They did not find any significant differences in plasma endocannabinoid levels, although AEA was decreased in the hippocampus of running mice. However, since these animals also experienced acute exercise right before measurements were done, there is no way to tell if these differences are due to the acute or chronic effects of exercise.
Aside from training effects per se, several studies have now shown that AEA levels are raised after acute exercise [15, 29, 47, 48, 60] . The same studies generally suggest that 2-AG levels are not raised after acute exercise [29] , although three studies have reported a nonsignificant trend for raised 2-AG levels in humans and dogs [15, 47, 60] . Finally, dogs and ferrets did not show significant increases in plasma 2-AG levels following treadmill exercise [47] . Thus, it appears that species of mammals may differ in the extent to which exercise acutely alters circulating 2-AG levels. Alternatively, some of the apparent species differences could be explained by methodological differences related to the exercise intensity imposed on, or chosen by, the running subjects. For example, Raichlen et al. [48] measured four different levels of exercise intensity in humans and found that AEA levels only increased for the two middle intensities. In addition, the amount of training experienced by the individual may affect how the endocannabinoid system reacts to acute exercise. Although plasma AEA was positively correlated with the amount of wheel running for both C and HR mice, there was a significant effect of linetype, with HR mice having lower levels of AEA even though they run more. This finding may also indicate that selective breeding for voluntary exercise has caused associated evolutionary changes in how the endocannabinoid system responds to exercise.
Sex differences in plasma endocannabinoid levels
We found that female mice have lower levels of 2-AG than males, especially when exercising, and tend to have higher levels of AEA (Figs. 3-5 ). Sex differences are not unexpected, given previous studies on these mice that show sex differences in the response of wheel running to CB 1 agonists and antagonists [34, 35] . Aside from those studies on the HR and C lines of mice, most previous studies of plasma endocannabinoids have used only males [15, 29, 60] . Two studies of humans included both males and females, but did not test for sex differences [47, 48] . Studies in rats show that females, especially adolescents, are more vulnerable than males to disruption of CB 1 signaling by repeated exposure to THC [3] ,
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Control High Runner High Runner wheels wheels wheels wheels no wheels no wheels no wheels no wheels Plasma AEA Concentration (picomoles/mL) Fig. 6 . Levels of AEA in mouse plasma collected during peak activity on the 6th night of wheel running, with amount of wheel running and home-cage activity used as covariates (see text), and including mice without wheels in the analysis by assigning them zero for wheel revolutions run. Values are LS means ± standard error from SAS Proc Mixed, based on analyses presented in Table 6 . N = 183.
and studies of humans indicate that females are more sensitive than males to the effects of cannabis [8] .
Time-of-day effects
Plasma 2-AG concentrations tended to be higher later in the sampling period, which ranged over approximately four hours during the early part of the dark phase, the time when mice are normally most active. This pattern is similar to one seen in a study of human subjects, where their levels of 2-AG also increased during the morning and peaked in midafternoon [26] . For plasma AEA, time of day was significant for all three analyses (overall, mice with wheels, mice without wheels), indicating reduced values later in the sampling period. This pattern is similar to a study of AEA in the cerebrospinal fluid of rats, which found that it decreased during the dark phase [45] . Thus, although our study was not intended to sample over a time period long enough to address circadian patterns per se, the time-related variation that we observed is consistent with previous reports for other species.
Conclusions & future directions
Overall, our results demonstrate that voluntary physical exercise affects circulating endocannabinoid levels differently, depending on sex, recent activity, and genetic background. More specifically, we found that acute voluntary exercise was associated with plasma AEA concentrations in a way similar to the effects of forced exercise reported in previous studies, in that the amount of wheel running done by a rodent before plasma sampling was a positive predictor of the level of AEA found in the blood [47, 48] . We also found differences in circulating 2-AG and AEA levels between the sexes and between lines of mice bred for high levels of voluntary exercise, when compared to their nonselected control lines. Furthermore, the effects of five days of wheel access on endocannabinoid levels varied between the sexes and/or between HR and C mice.
Although not considered in the present study, receptor density or sensitivity may also have evolved in our mice. Broad-scale (macroevolutionary) patterns of endocannabinoid receptor evolution have been discussed elsewhere [14] , but we do not know of studies that have considered microevolutionary variation in CB receptors (e.g., among closely related species). Although microevolutionary studies are lacking, laboratory mice and rats can show changes in CB receptor gene expression and sensitivity over the course of several days. For example, female mice given wheel access for 10 days had increased CB 1 receptor gene expression in the hippocampus as compared with sedentary controls [69] . In another study, male rats that had wheel access for eight days had an increase in CB 1 receptor binding site density in the hippocampus [30] .
In future studies, we will further examine acute and chronic effects of voluntary exercise on the endocannabinoid system, including possible changes in receptor densities in various target organs (brain, muscle, gut). Interestingly, although HR mice run much more than C mice, they had lower circulating levels of AEA when the acute effect of wheel running was taken into account (Fig. 6 ). This finding suggests that the HR endocannabinoid system is differentially regulated, although it is unknown at what level changes have occurred (receptor density, number of converting or recycling enzymes, etc.). Therefore, future studies will also explore the mechanisms and genetics underlying the evolved endocannabinoid system of these unique, high-activity lines of mice, and how this system may interact with neurotransmitter and endocrine systems that are also known to have evolved in the HR mice [24, 41, 51] . Means and standard errors for each group for both endocannabinoids are also shown. 
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